The micellar shape transition in amphiphilic solutions is studied by coarse-grained molecular dynamics simulations of rigid amphiphilic molecules with explicit solvent molecules. Our simulations show that the dominant micellar shape changes from disc to cylinder, and then to sphere as the hydrophilic interaction increases. We find that, as the hydrophilic interaction increases, the potential energy decreases monotonically even during the micellar shape transition, whereas the slope of the potential energy decreases in a stepwise manner in relation to the micellar shape transition. We also ascertained that there exists a wide coexistence region in the intensity of the hydrophilic interaction between a cylinder and a sphere, whereas the coexistence region between a cylinder and a disc is very narrow.
Introduction
The spontaneous formation of structures (or selforganization) has been intensively studied in plasmas in order to improve plasma confinement. Such creation of order is universal in nonequilibrium and nonlinear systems interacting with their environment. To explore the universal self-organizing properties in nature, we investigate the structure formation in soft matter systems, such as polymeric systems [1] [2] [3] [4] [5] [6] and amphiphilic systems [7] [8] [9] [10] [11] [12] [13] [14] .
Amphiphilic molecules, such as lipids and surfactants, contain hydrophilic and hydrophobic parts. In aqueous solvents, these molecules often spontaneously selfassemble into various structures, such as micelles, bilayer membranes, and bicontinuous structures [15] [16] [17] . The shape transitions of the micelles play an important role in cellular physiology and micellar drug delivery systems [18] . The transformation of micellar shapes has recently been investigated by coarse-grained molecular simulations [19] [20] [21] . Although numerous computer simulation studies have been carried out on micellar systems in amphiphilic solutions to date [22] [23] [24] [25] , the detailed mechanisms of micellar shape transition in amphiphilic solutions have not been fully understood at the molecular level.
This study aims to clarify the molecular mechanisms of micellar shape transitions in amphiphilic solutions. Our particular concern is to investigate the effect of hyauthor's e-mail: fujiwara@kit.ac.jp * ) This article is based on the presentation at the 23rd International Toki Conference (ITC23). drophilicity on the micellar shapes in amphiphilic solutions. The curvature of the tail-solvent interface in micelles tends to increase with increasing intensity of the hydrophilic interaction, which leads to the micellar shape change [9] . To investigate this at the molecular level, we performed molecular dynamics (MD) simulations of coarse-grained rigid amphiphilic molecules with explicit solvent molecules and systematically analyzed the micellar shape transitions.
Simulation Model and Method
The computational model is the same as that used in previous works [7-9, 13, 14] . An amphiphilic molecule is a rigid rod that is composed of one hydrophilic particle and two hydrophobic particles. The solvent molecules are modeled as hydrophilic particles. The interaction between hydrophilic and hydrophobic particles is modeled by the repulsive soft core potential given by Eq.(1)
where r is the interparticle distance and ε SC is an interaction parameter for the intensity of the hydrophobic interaction. The interaction between a hydrophilic head particle and a solvent particle is modeled by the Lennard-Jones (LJ) potential given by Eq.(2) Fig. 1 The fraction of various micellar shapes versus the hydrophilic interaction parameter ε * hs .
All other interactions are modeled by the LJ potential given by Eq.(3)
where ε hs is an interaction parameter for the intensity of the hydrophilic interaction. The parameter σ SC is set at σ SC = 1.05σ as in Ref. [22] . To avoid discontinuities in the potential energy and the force owing to the potential energy cutoff, we use the shifted force variant of these nonbonded potentials as given by Eq.(4)
where X = SC, LJ-hs or LJ and r c is the cutoff distance, which is set at r c = 3.0σ. In the following discussion, we denote dimensionless quantities with an asterisk, e.g., time t * = t ε/mσ 2 and temperature
the Boltzmann constant. The equations of motion for all particles are numerically solved by using the leap-frog algorithm at constant temperature with a time step of Δt * = 0.0025 and the temperature is controlled at every 10 time steps by ad hoc velocity scaling [26] . We apply periodic boundary conditions and the number density ρ * is set at ρ * = 0.75. 
Simulation Results and Discussion

Fraction of micellar shapes
The dominant micellar shape changes from disc to cylinder and then to sphere as the intensity of the hydrophilic interaction ε * hs increases [8, 9, 13, 14] . We examined the micellar shape distribution to quantify how the micellar shape changes with hydrophilicity. Following previous studies [8, 9, 13, 14] , we use the orientational order parameters as indices to characterize the micellar shapes. We introduce a coordinate system that consists of three principal axes of inertia of the micelle. The origin is located at the center-of-mass position of the micelle, the x-axis is the principal axis with the largest moment of inertia, and the z-axis is the principal axis with the smallest moment of inertia. The orientational order parameters p x , p y , and p z are defined as follows:
where θ i is the angle between the end-to-end vector of an amphiphilic molecule and the i-axis (i = x, y, z), and · · · denotes the average over all amphiphilic molecules. The average for the amphiphilic molecules is taken near the center-of-mass position of the micelle; that is, in the region −Δr < x, y, z < Δr. We set Δr = 2.5σ to calculate p i . Ideally, the orientational order parameters take the following values: (p x , p y , p z ) = (1, −0.5, −0.5) for disc, (p x , p y , p z ) = (0, 0, −0.5) for cylinder and (p x , p y , p z ) = (0, 0, 0) for Fig. 3 (a) Snapshots of micelles formed by amphiphilic molecules at t * = 15000 (cylindrical micelle) and t * = 17000 (disc-shaped micelle) and (b) the time evolution of the fraction of various micellar shapes in the case of sudden increase of ε * hs from 1.0 to 1.6. In (a), isosurfaces of the density of the tail particles, which are calculated by Gaussian splatting techniques, are depicted to show the micellar shape clearly.
sphere. Detailed analysis of the distribution functions of these orientational order parameters showed that, in practice, three types of micellar shapes are clearly distinguishable by the orientational order parameters: 0.5 < p x < 1.0 and −0.5 < p y , p z < −0.25 for a disc micelle, −0.25 < p x , p y < 0.5 and −0.5 < p z < −0.25 for a cylindrical micelle, and −0.25 < p x , p y , p z < 0.5 for a spherical micelle [8, 9, 13, 14] . We calculate the fractions of the micellar shapes based on the orientational order parameters.
In Fig. 1 , the fraction of various micellar shapes is shown as a function of the intensity of the hydrophilic interaction ε * hs . This figure shows that the dominant micellar shape is disc for ε * hs < 1.6, cylinder for 1.6 < ε * hs ≤ 2.2, and sphere for ε * hs ≥ 3.3. It is also found that there exists a wide coexistence region in the intensity of the hydrophilic interaction between the cylinder and the sphere for 2.3 ≤ ε * hs ≤ 3.2. There exists, on the other hand, a narrow coexistence region between the cylinder and the disc, which is located around ε * hs ≈ 1.6. The micellar shapes are clearly distinguishable even in the coexistence region; that is, two kinds of micellar shapes (cylinder and sphere, or cylinder and disc) coexist dynamically. Figure 2 shows the total potential energy E * pot and its slope as a function of the intensity of the hydrophilic interaction ε * hs . From this figure, we find the following characteristic features: (i) The total potential energy decreases monotonically even during the micellar shape transition as the intensity of the hydrophilic interaction increases and (ii) as the intensity of the hydrophilic interaction increases, the slope of the total potential energy decreases stepwise in relation to the micellar shape transition. It is noteworthy that the slope of E * pot stays nearly constant in the coexistence region of cylinder and sphere (2.3 ≤ ε * hs ≤ 3.2).
Potential energy
Dynamic coexistence of micellar shapes
We studied the dynamic coexistence of a cylindrical micelle and a disc-shaped micelle, observed at ε * hs = 1.6 (Fig. 3) , and that of a cylindrical micelle and a spherical micelle, observed at ε * hs = 2.7 (Fig. 4) . In Fig. 3 , we show the snapshots of micelles and the time dependence of the fraction of the various micellar shapes at ε * hs = 1.6. Isosurfaces of the density of the tail particles, which are shown in Figs. 3 (a) and 4 (a) to clarify the micellar shapes, are calculated by Gaussian splatting techniques. The Gaussian splatting techniques build topological structures by sampling unstructured points into an image dataset with a Gaussian splatting function [27] . Figure 3 shows that the dominant micellar shape alternates between cylinder and disc. Figure 4 shows the snapshots of micelles and the time dependence of the fraction of the various micellar shapes at ε * hs = 2.7. This figure suggests that although the individual micellar shapes alternate between a cylinder and a sphere, the distribution of the fraction of the various micellar shapes as a whole remains nearly constant over time.
Conclusions
We have carried out MD simulations of coarsegrained rigid amphiphilic molecules with explicit solvent molecules. By analyzing the microscopic processes of micellar shape transition, the following conclusions were reached: (1) As the intensity of the hydrophilic interaction ε * hs increases, the dominant micellar shape changes from disc to cylinder and then to sphere. (2) The potential energy decreases monotonically even during the shape transition of micelles as ε * hs increases. (3) As the hydrophilic interaction increases, the slope of the potential energy decreases stepwise in relation to the micellar shape transition. (4) The slope of the potential energy stays roughly constant in the coexistence region between cylinder and sphere. (5) Finally, there exists a wide coexistence region in the intensity of the hydrophilic interaction between cylinder and sphere, whereas the coexistence region between cylinder and disc is very narrow.
The fourth observation is not necessarily obvious. At the present stage, we cannot propose a physical explanation for the constancy of the slope of E * pot . To elucidate this, an elaborate energy analysis must be performed, which is the subject of future work.
In the future, we will also carry out MD simulations of larger systems to investigate the effect of the intermicellar interaction on the transition process of micellar shapes in detail.
